Background: The relationship between radiation dose to the ipsilateral lung and subsequent radiation-induced lung disease (RILD) in breast cancer patients with pectus excavatum (PE) undergoing radiation therapy (RT) to residual breast tissue after breast-conserving surgery has not yet been established. The incidence of RILD in such patients with PE, meaning that a large volume of the lung is within the radiation field, has not been determined. Therefore, the aim of this study was to determine the relationship between these factors. Methods: The study cohort comprised 133 women who underwent threedimensional conformal RT to residual breast tissue after breast-conserving surgery for breast cancer. Diagnoses of PE were based on Haller's, frontosagittal, and Monden's depression indices. Radiation doses to the ipsilateral lung were established from dose-volume histograms. Results: Fifty of the 133 participants (37.6%) were diagnosed with RILD; all were asymptomatic. Multivariate analysis revealed a significant correlation between the incidence of RILD and the administration of > 30 Gy (V30). Surprisingly, although patients with PE received higher ipsilateral lung doses, they were less likely to develop RILD than those without PE. Conclusions: Our data indicate that the incidence of RILD is correlated with the administration of > 30 Gy (V30) and that PE is not a risk factor for RILD after RT to residual breast tissue after breast-conserving surgery for breast cancer. Surprisingly, individuals with PE may have a lower incidence of RILD than those without this condition.
Introduction
Randomized trials and meta-analyses have shown that radiation therapy (RT) to all residual breast tissue after breast-conserving surgery in patients with early breast cancer reduces rates of local recurrence and mortality. [1] [2] [3] [4] Therefore, RT is widely administered to such patients in Japan -approximately 39 800 individuals annually -and the breast is the most frequently irradiated primary site. 5 Three-dimensional conformal radiation therapy (3D-CRT) using two tangential beams is widely employed because this approach provides good coverage of the target volume, that is, all residual breast tissue. However, because the radiation field to the breasts includes the lungs, correlations between radiation dose to the lungs and pulmonary complications have been extensively investigated. [6] [7] [8] In particular, there is concern that the use of two tangential beams may increase the rates of pulmonary complications in patients with pectus excavatum (PE) because of the large volume of the lungs that lies within the radiation field. Accordingly, intensity modulated radiation therapy (IMRT) and the lateral decubitus set-up technique have been developed to improve radiation delivery. [9] [10] [11] [12] However, studies in individuals with PE have estimated only the radiation dose to the lungs by constructing dose-volume histograms (DVHs). To the best of our knowledge, no published studies have investigated the incidence of pulmonary complications after the administration of 3D-CRT using two tangential beams. In this study, we therefore used computed tomography (CT) to investigate the relationship between radiation dose to the ipsilateral lung and subsequent radiationinduced lung disease (RILD) in women with and without PE undergoing RT to residual breast tissue after breastconserving surgery for breast cancer. PE was diagnosed and assessed using various published indices.
Methods

Characteristics of the study participants
Of 263 women who underwent RT following breast cancer surgery in our hospital between January 2016 and March 2018, the 133 who subsequently received unilateral irradiation to residual breast tissue after breast-conserving surgery comprised the study cohort. Patients who underwent total mastectomy or received boost irradiation to the supraclavicular region or tumor bed were excluded. The Institutional Review Board of Nihon University School of Medicine approved this retrospective study and written informed consent was obtained from all participants.
Chest wall depression index
Computed tomography scanning with a slice thickness of 5 mm during free breathing was performed using an Aquilion TSX-201A (Toshiba Medical Systems, Tokyo, Japan). Data from axial CT images thus obtained were used to calculate the Haller index (HI), frontosagittal index (FSI), and Monden's depression index (MDI), which are established indices for assessing chest wall depression in individuals with PE. The following formulae were used (Fig 1): • HI = maximum transverse diameter of the thorax (a)/ distance between the posterior surface of the sternum and anterior border of the vertebral body at the point of maximum depression (b);
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• HI > 3.25 and HI > 3.1 separately reported as indications for surgical repair of PE; 13, 14 • FSI = (b)/(a) × 100;
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• FSI < 28 and FSI < 33 separately reported as indications for surgical repair of PE; 14, 16 • MDI = distance between the anterior surface of the sternum and anterior border of the vertebral body ipsilateral to the RT (c)/distance between the anterior borders of the frontal rib and dorsal rib (d). 17 The mean MDI is reportedly 0.57 in healthy persons and 0.38 in patients with PE. 17 
Radiation therapy
Three dimensional-CRT consisting of two tangential beams was planned for all participants. The ipsilateral whole breast tissue was contoured with reference to findings on physical examination, Radiation Therapy Oncology Group Consensus Guidelines for anatomical borders for breast cancer, 18 and contralateral whole breast tissue. It was planned that 95% of the prescribed dose would cover all ipsilateral breast tissue or at least the tumor bed. The lungs and heart were contoured and defined as organs at risk. The dosage to otherwise high-dose regions that would receive 107-110% of the prescribed dose was reduced using a field-in-field technique in all participants. Even if the individuals had PE, we obeyed the prescribed dose covering all ipsilateral breast tissue or the tumor bed. The treatment unit included a XiO Version 5.10 treatment planning system (Elekta CMS Software, Stockholm, Sweden) and Mevatron linear accelerator (Toshiba Medical Systems) using 4 MV photons. The prescribed total dose for all participants was 50 Gy in 25 fractions.
Dosimetric analysis
The percentages of the ipsilateral lung volume receiving more than 5, 10, 20, and 30 Gy (V5, V10, V20, and V30) were determined from DVHs using the Clarkson algorithm to assess the dose to the ipsilateral lung.
Evaluation of radiation-induced lung disease on computed tomography
Follow-up high-resolution CT images of 1 mm slice thickness were obtained during breath-holding and examined for ground-grass opacities, consolidation, and increases in density. The following scoring system by Nishioka et al. was used, with Grade 1 or more being defined as RILD with an increase in density: Grade 0, no significant changes; Grade 1, pleural thickening only; Grade 2, pulmonary changes in < 50% of irradiated fields; and Grade 3, pulmonary changes in ≥ 50% of irradiated fields. 19 The first post-RT CT examination was performed at a median of 95 days (range: 7-480 days) after completion of RT. Typically, transient radiation pneumonitis and radiation fibrosis occur 4-12 weeks and 6-12 months after the completion of RT, respectively. 20 Patients who underwent their first post-RT CT examination < 50 days after completion of RT underwent a second CT examination at a median of 192 days (range: 93-504 days) after completion of RT. An increase in density was observed in all CT images of patients who underwent two or more CT examinations.
Statistical analysis
SPSS version 21.0 (IBM Corp., Armonk NY, USA) was used for statistical analysis. Univariate analyses using the Pearson's χ 2 test and multivariate analysis using stepwise logistic regression analyses were performed to determine associations of the following clinical factors with increase in density on CT images after completion of RT: age (< median vs. ≥ median); hormonal treatment (yes vs. no); pre-RT chemotherapy (yes vs. no); chest wall depression indices: HI, FSI, and MDI (all < median vs. ≥ median); and RT dosimetry (< median vs. ≥ median). The relationship between the chest wall depression index (< median vs. ≥ median) and dosimetry (< median vs. ≥ median) was also evaluated by Pearson's χ 2 test. A P value of < 0.05 was considered statistically significant.
Results
The characteristics of the 133 patients are summarized in Table 1 . Their median age at initiation of RT was 54 years (range: 35-83 years). The median HI was 2.74 (range: 1.64-4.1) and 28 (21.1%) patients had PE with HI > 3.1. The median FSI was 36.4 (range: 24.3-60.9) and 32 (24.1%) patients had PE with FSI < 33. The median MDI was 0.61 (range: 0.45-0.77) and 28 (21.1%) patients had HI > 3.1 and FSI < 33 and were accordingly diagnosed with PE, for which surgical repair was indicated.
The V5, V10, V20, and V30 of the ipsilateral lung are shown in Table 1 . The median V20 was 10.2% (range: 0.9-15.3%).
Hormonal and trastuzumab treatment and RT were administered concurrently to 119 (89.5%) and 2 (1.5%) patients, respectively. Chemotherapy was performed before RT in 12 (9.0%) patients.
An increase in density on CT images after completion of RT was found in 50 (37.6%) patients who were accordingly diagnosed with RILD. The increase in density did not extend outside the radiation field in any patient. None of the patients with radiation pneumonitis had respiratory symptoms that required treatment. Univariate analyses revealed no significant correlations between the incidence of RILD and HI, FSI, or MDI. In 28 patients diagnosed with PE for which surgical repair was indicated, only 7 patients were diagnosed with RILD. In the other 105 patients, 43 patients were diagnosed with RILD.
However, univariate analyses of DVHs revealed a significant correlation between the incidence of RILD and V5, V10, V20, and V30 values equaling or exceeding the median (P = 0.037, 0.030, 0.037, and 0.011, respectively). Multivariate analysis identified a significant correlation between the incidence of RILD and V30 values equaling or exceeding the median (P = 0.012) ( Table 2 ). When relationships between chest wall depression indices and DVH were evaluated by univariate analysis, HI ≥ median and FSI < median were strongly correlated with all V5 to V30 values ≥ median of the dose to the ipsilateral lung, and MDI < median was strongly correlated with V20 and V30 values ≥ median (Table 3) . This indicates that all breast tissue was covered at higher ipsilateral lung doses, even in individuals with PE, because the ipsilateral lung dose was not intentionally reduced by using tangential beams at angles that would have resulted in poor coverage of all ipsilateral breast tissue. There were no correlations between an increase in density on CT images and age, tamoxifen use, or pre-RT chemotherapy.
Discussion
After comprehensive RT, 1-16% of patients with breast cancer and radiation pneumonitis reportedly have pulmonary symptoms, [21] [22] [23] whereas the corresponding rate in those who undergo RT to the residual breast tissue alone, and not to the supraclavicular or other lymph nodes (with the aim of limiting the radiation dose to the lungs), is 1-4%. 6, 7 None of the 133 patients in our series had symptoms of radiation pneumonitis. Asymptomatic RILD, including ground-glass opacities and consolidation, reportedly occurs in 78-90% of patients receiving RT to residual breast tissue after breast-conserving surgery, 19, 24 whereas it occurred in only 37.6% of our study cohort. Dosimetric predictors derived from DVHs have been studied for many years and it is widely known that the delivery of > 20 Gy to the lung is a predictor of radiation pneumonitis in patients with lung cancer. 25 Recently, however, it has been considered important to reduce the dose to V10 or V5. 26 In addition, in patients receiving RT to breast tissue, ipsilateral lung V10-40 is reportedly associated with the twodimensional parameter of central lung depth and that delivery of > V25 to the lung is associated with an increase in density on CT images. 8, 24 It has also been reported that ipsilateral lung V20 > 35% is associated with symptomatic radiation pneumonitis when that RT includes the supraclavicular or other lymph nodes. 6 The Radiation Therapy Oncology Group guidelines state that when administering RT to residual breast tissue alone, the ipsilateral lung dose should not exceed 15%. 18 Pectus excavatum is the most common congenital chest wall deformity, with an incidence of 1 in 300-1000 births. 27 In one study, 3.7% of 273 patients who underwent RT to left breast tissue had clinically apparent PE. 28 There is a concern that the administration of RT to breast tissue results in a greater radiation dose to the lungs in patients with PE than in those without this condition because of the concavity of the chest wall in the former, leading to a greater frequency of pulmonary complications. Several recent studies involving dosimetric analysis of DVHs of RT to breast tissue in patients with PE revealed that IMRT delivers a smaller ipsilateral lung dose than 3D-CRT. [9] [10] [11] 29 However, no studies have reported follow-up data on the development of RILD after RT. In the present study, we examined the relationship of three representative chest wall depression indices (HI, FSI, and MDI) in patients with and without PE to the development of RILD. We identified no correlations between HI, FSI, and MDI and increase in density on CT images, indicating that PE is not a risk factor for RILD.
However, similar to previous reports, we did identify strong correlations between both low and high ipsilateral lung doses (V5-V30) as determined from DVHs and RILD, and found that the higher the radiation dose, the higher the incidence of RILD. In addition, we found strong correlations between ipsilateral lung dose and all assessed chest wall depression indices (HI, FSI and MDI), indicating that as depression increases, the ipsilateral lung dose increases. In summary, we found that, although the ipsilateral lung dose is higher in individuals with PE, curiously, As a retrospective study, our analysis has the following limitation: the timing of CT was irregular.
Our analysis revealed that PE is not correlated with risk of RILD, even with high ipsilateral lung doses. To explain this finding we intend to further investigate relevant patients and analyze the relationship between the radiation field and central bronchi.
